Tissue necrosis as a consequence of ischemia-reperfusion injury and oxidative damage is a leading cause of permanent disability and death worldwide. The complete mechanism by which cells undergo necrosis upon oxidative stress is not understood. In response to an oxidative insult, wildtype p53 has been implicated as a central regulatory component of the mitochondrial permeability transition (mPT), triggering necrosis. This process is associated with cellular stabilization and translocation of p53 into the mitochondrial matrix. Here, we probe the mechanism by which p53 activates the key mPT regulator cyclophilin D (CypD). We explore the involvement of Trap1, an Hsp90-related mitochondrial matrix protein and member of the mitochondrial unfolded protein response (mtUPR), and its ability to suppress mPT in a p53dependent manner. Our study finds that catalytically active CypD causes strong aggregation of wildtype p53 protein (both full length and isolated DNA binding domain) into amyloid-type fibrils in vitro. The responsible CypD residues for this activity were mapped by NMR to the active site amino acids R55, F60, F113 and W121. The data also present a new proline-isomerization assay for CypD by monitoring the aggregation of p53 as an indicator of CypD activity. Moreover, we find that inhibition of Trap1 by the mitochondria-specific HSP90 ATPase antagonist gamitrinib strongly sensitizes primary mouse embryonic fibroblasts (MEFs) to mPT and permeability transition pore (mPTP) opening in a p53-and CypD-dependent manner. We propose a mechanism by which influx of unfolded p53 into the mitochondrial matrix in response to oxidative stress indirectly activates the normally inhibited CypD by displacing it from Trap1 complexes. This * Co-corresponding authors: 1* Markus A. Seeliger, (631) 444-3558
Introduction
Ischemia/Reperfusion (IR) injury can cause irreversible tissue damage and necrosis in vital organs such as brain (ischemic or hemorrhagic stroke) and heart (myocardial infarction), and reperfusion injury is a leading cause of permanent disability and death worldwide [1] . Ischemia/Reperfusion injury leads to increased intracellular concentrations of reactive oxygen species (ROS) and increased cytosolic Ca 2+ influx into the mitochondrial matrix [2] . Together, these events lead to dissipation and collapse of the actively maintained electrochemical proton gradient (ΔΨm) across the inner mitochondrial membrane due to the sudden opening of the mitochondrial permeability transition pore (mPTP) in the inner mitochondrial membrane. The mPTP is an elusive non-selective pore for small solutes and water that under normal physiologic conditions is impermeable but opens abruptly in response to prolonged oxidative stress, an event called mitochondrial permeability transition (mPT) [2] , [3] . This causes ion influx that dissipates ΔΨm and shuts down oxidative phosphorylation and ATP production, ending in catastrophic energetic failure [3] . Concomitantly, water influx causes matrix swelling, rupture of the rigid outer mitochondrial membrane (OMM) and release of all sequestered cell death factors from the intermembranous space. Recent studies identified several key players involved in mitochondrial permeability transition. They include the central regulatory protein cyclophilin D (CypD, gene name PPIF, UniProt: P30405, PDB: 2Z6W, not to be confused with the larger 40 kDa nuclear and cytosolic CypD otherwise known as CyP40 (Supplemental Figure 1a) ), an exclusively mitochondrial matrix prolyl-isomerase whose enzymatic activity is essential to trigger mPT [4] , [5] , [6] , and the stress sensor p53 (TP53) under conditions of oxidative damage [7] - [12] . Structural pore components encompass the c-subunit ring [13] , [14] and the oligomycin-sensitivity conferring protein (OSCP) [15] of the F1Fo-ATP synthase, and more recently the product of the Spastic Paraplegia 7 gene (SPG7) [16] . Despite these advances, the full assembly of the mPTP is not understood and more importantly, the mechanism by which pore opening is triggered remains unknown.
p53 is an extensively studied nuclear transcription factor that acts as a potent tumor suppressor by rapidly and broadly responding to DNA damage signals via activating genes involved in cell cycle arrest or senescence, DNA repair and apoptosis as effective anti-cancer mechanisms. Moreover, wildtype p53 protein has additional pro-death functions directly at the mitochondria, including driving transcription-independent apoptosis [17] .
Recent work has shown that a fraction of stress-induced p53 protein translocates to mitochondria to interact with multiple members of the Bcl2 family and directly drive apoptosis through permeabilization of the outer mitochondrial membrane [18] . A longstanding paradigm had been that p53 controls apoptosis but plays no role in necrosis. However, in response to oxidative stress we recently established a necrotic mitochondrial p53 program [7] . We showed that upon hypoxia and oxidative stress, cytoplasmic p53 translocates into the mitochondrial matrix and participates in necrosis by triggering mPT through interaction with CypD [7] . While the apoptotic p53 cell death program requires Bax and Bak, the necrotic p53 cell death program requires CypD: purified p53 protein opens the PTP pore in isolated mitochondria independent of Bax and Bak but dependent on CypD [7] . Conversely, p53 −/− MEFs are protected from oxidative stress-induced mPT and mPTP opening. Direct targeting of p53 to mitochondrial matrix induces mPT and necrosis in a CypD-dependent manner, and oxidative stress-induced PTP opening and necrosis is largely transcription-independent. Intriguingly, a robust p53-CypD complex forms during mouse brain ischemia/reperfusion injury (stroke model). In contrast, reduction of p53 levels or cyclosporine A pretreatment of mice prevents this complex and correlates with effective stroke protection [7] . However, details of the p53•CypD interaction and the mechanism by which p53 triggers opening of the mPTP have yet to be investigated.
The major event during ischemia/reperfusion injury leading to sudden collapse of mitochondrial function and energy catastrophe is the formation and prolonged opening of the mPTP following the insult by ROS and/or Ca 2+ . While it has been shown that the mPTP can be transiently opened and closed to serve as a physiologic Ca 2+ release channel [19] , it is the prolonged opening of the pore that is required for necrotic cell death [20] . The exact proteins that make up the mPTP have evaded researchers for over two decades and the only genetically proven and consistently indispensable component has been the obligatory regulatory factor CypD [4] , [5] , [6] . Genetic deletion of CypD [21] - [23] or inhibition of CypD with the highly specific pan-cyclophilin inhibitor cyclosporine A (CsA) [7] , [24] prevents mPTP opening and mPT in vivo. It is thought that the structural pore component of the binds distally to the OSCP subunit of the F1Fo-ATP synthase [13] . Binding of CypD to OSCP is hypothesized to increase the PTP's apparent affinity for Ca 2+ , in turn sensitizing the pore to opening [20] .
Over 1500 different proteins can be found in mammalian mitochondria [25] . However, the mitochondrial genome only harbors 13 protein-coding genes [26] , indicating that the vast majority of mitochondrial proteins including p53 and CypD are encoded in the nucleus and imported from the cytosol. As such, mitochondria heavily depend on chaperone proteins to maintain proper protein-folding homeostasis [27] . These mitochondrial chaperones are also regulators of mitochondrial permeability transition, contributing to a cytoprotective chaperone network that antagonizes CypD-dependent cell death [28] - [32] . Conversely, and consistent with this vital role, mitochondrial chaperones are involved in the mitochondrial unfolded protein response (mtUPR) [33] that is triggered by a variety of mitochondrial stressors including ROS [34] . Of note, both CypD and p53 interact with members of the mtUPR including mitochondrial mtHSP60 [28] , [35] , mtHSP90 [36] and the mitochondrial HSP90 homologue Trap1 [29] . These interactions beckon the question of whether or not mitochondrial chaperones may also be involved in p53-mediated mPT.
To better understand the mechanism how p53 is involved in oxidative stress-induced opening of the mPTP, complementary biophysical methods were employed here to explore the p53•CypD interaction. We find that CypD and p53 engage in a transient enzyme-substrate interaction and not in a stable protein-protein complex. Rather, the isomerase activity of CypD leads to the aggregation of its substrate, p53. NMR and biochemical methods were used to identify catalytic CypD residues directly involved in aggregation of p53. We monitor CypD induced p53 aggregation in a continuous spectrophotometric assay and by coaggregation assays. We explored the nature of the insoluble p53 aggregates formed by interaction with CypD using transmission electron microscopy (TEM). To explore the involvement of Trap1 in p53-mediated mPT, mitochondrial calcein retention assays were used to directly monitor opening of the mPTP in WT, p53 −/− and CypD −/− MEFs by FACS in the presence or absence of H 2 O 2 stress and gamitrinib, a specific Trap1 inhibitor. We find that CypD causes aggregation of p53 into amyloid-like fibrils and that inhibition of Trap1 sensitizes cells to mPT in a p53-dependent manner. This suggests that stress-imported matrix p53 is responsible for modulating mPT by cooperating with members of the mtUPR, possibly activating CypD by its competitive displacement from chaperone interaction.
Results

NMR chemical shift perturbations reveal that catalytic CypD residues are responsible for p53 aggregation
We previously showed by pulldown of GST-tagged proteins and co-immunoprecipitation experiments that p53 and CypD interact in mouse embryonic fibroblasts (MEFs), human HCT116 colon cancer cell lines and in acutely infarcted mouse brain tissue [7] . Mapping experiments by using a truncation series of p53 proteins in pulldown experiments with CypD showed that CypD interacts with p53 residues 80-220, corresponding to the N-terminal portion of the DNA Binding Domain of p53 (p53DBD, residues 94-312) [7] . To further characterize the interaction and identify the key residues of CypD responsible for interacting with p53DBD, we compared the chemical shift changes of isotopically-labeled CypD upon addition of p53DBD purified from Sf9 cells using 1 H-15 N HSQC NMR spectroscopy (Figure 1a -b). Since NMR chemical shifts are sensitive to changes in the chemical environment, chemical shift perturbations (CSP) can be used to determine the binding interface. Upon addition of p53DBD to 15 N-CypD, NMR crosspeaks shifted, peaks split and new crosspeaks emerged (summarized in Figure 1a -b). These CSP are due to p53DBD binding to CypD (Supplemental Figures 1b-d ). Of note, upon completion of the 4-hour NMR experiment, we observed severe visible aggregation in the NMR tube. We found that p53DBD was quantitatively precipitated from the NMR sample, while no CypD was found among the aggregated fraction (Supplemental Figures 1e) .
The NMR experiment reveals that CypD active-site residues R55, F60, F113 and the side chain of W121 exhibit chemical shift perturbations upon titration of p53 (Supplemental Figure 1d ). These residues interact directly with the inhibitor CsA in the co-crystal structure of CypD and CsA [37] . The NMR titration of CsA to CypD confirms that these active-site residues are involved in binding CsA (Supplemental Figure 1f ). The observed CSPs upon titration of either p53DBD or CsA are on similar scales (Supplemental Figures 1g-h) but exhibit different behavior. While titration of CsA to CypD results mainly in peak shifts, titration of p53DBD to CypD results in peak splitting as well as the emergence of new peaks. Peak splitting can be caused by NMR slow exchange behavior indicating dynamic processes commonly observed in prolyl isomerases [38] , [39] . This would be consistent with a transient enzyme-substrate interaction between CypD and p53. Alternatively, p53 aggregation during the time course of the NMR experiment could deplete p53DBD and result in a second subset of peaks. In either case, the NMR experiments indicate that select CypD active site residues interact transiently with p53DBD.
To validate the importance of the CypD active site residues for p53 interaction, we individually mutated them to alanines and confirmed in a thermal shift assay that all mutants were folded at room temperature (Supplemental Figures 2c-f).We tested the ability of CypD active site mutants to pulldown endogenous p53 from HCT116 cells ( Figure 1c ). Mutant proteins F60A and W121A had lost all ability to pull down p53, while R55A and F113A showed severely reduced ability to pull down p53. Next, we tested the enzymatic activity of CypD variants using a fluorescent peptide cis/trans prolyl isomerization assay [40] . We found the active-site mutants R55A, F60A, F113A and W121A had completely lost isomerization activity (Supplemental Figures 2a-b) as has been observed previously for similar active site mutations [41] . Taken together, these results show that CypD enzymatic activity is necessary for the aggregation of p53DBD.
p53 aggregates in the presence of active CypD
In light of the propensity of p53 to aggregate in the presence of active CypD, we modified the pulldown assay. Previously, we immobilized GST-CypD on glutathione beads as the bait to capture soluble p53. However, in this assay, it is impossible to distinguish whether p53 is bound to CypD or whether insoluble p53 aggregates and sediments together with the glutathione beads. We therefore compared whether both the initial pulldown condition, i.e. immobilized GST-CypD, and a control with soluble CypD could capture soluble p53. In the latter condition, one would expect that if CypD was binding p53, the soluble co-complex would be washed away in subsequent washing steps and we would not detect p53 in the pellet. However, if CypD was causing p53 to form insoluble aggregates, we would be able to detect p53 in the pellet since the insoluble p53 aggregates will sediment with the glutathione beads (Supplemental Figure 1i ). Indeed, CypD causes both highly purified full-length human p53 as well as recombinant Sf9-expressed p53DBD to aggregate and sediment with the beads (Figure 2a ). Moreover, endogenous p53 from H 2 O 2 -stressed and unstressed human HCT116 cells also aggregates and sediments with the glutathione beads in the presence of soluble CypD, but fails to aggregate when CypD is inhibited by CsA (Figure 2b ).
To further characterize the CypD-dependence of p53DBD aggregation, we used an absorbance-based assay to monitor the formation of insoluble aggregates. The results indicate that active CypD leads to the formation of insoluble p53DBD aggregates and that inhibition of CypD by CsA prevents aggregation of p53DBD ( Figure 3 a-b). Taken together, these results indicate that the enzymatic activity of CypD is required to precipitate p53 even at the low concentrations of the pulldown assays. This supports a model where CypD transiently interacts with p53 as its substrate.
CypD aggregates thermodynamically destabilized p53
To better understand how the stability and folded state of p53DBD affects the interaction with CypD, we generated a set of common cancer-associated p53 missense mutations which were previously shown to be completely unstructured in the p53DBD at 25 °C [42] . Mutant p53 proteins R175H, L194V, R248Q, R249S, R273H and R282P were expressed in p53 −/− HCT cells in the absence of stress and standard biochemical pulldowns were performed ( Figure 2c ). This is consistent with our previous finding that the p53 minimal construct (amino acids 80-220 [7] ) that interacts with CypD is likely unfoled since it lacks three βstrands from the core of the p53DBD which are critical for p53 stability (Supplemental Figure 2g ). Structural destabilization of the p53DBD does not reduce p53's ability to interact with CypD; on the contrary it appears to enhance it, indicating that p53 does not require a folded state in order to interact transiently with CypD.
To further address the role of thermodynamic stability on p53 aggregation by CypD we compared p53DBD protein expressed in Sf9 cells and in E.coli. Equilibrium urea denaturation experiments show that the Sf9 p53DBD protein has a thermodynamic stability of −3.78 kcal/mol while E.coli p53DBD protein has a thermodynamic stability of −5.91 kcal/mol (Supplemental Figure 2h -j, Supplemental Table 1 ). Though the two protein sequences are identical and of similar purity as judged by SDS-PAGE, mass spectrometry indicates heterogeneous post translational modifications (PTM) for Sf9-expressed p53DBD.
Here, PTM may be responsible for the drastic reduction in thermodynamic stability of Sf9expressed p53DBD compared to E.coli-expressed p53DBD.
Importantly, CypD causes aggregation of thermodynamically destabilized p53DBD from Sf9 cells but not of p53DBD from E.coli (Supplemental Figures 2j) . This suggests that CypD preferentially interacts with posttranslationally modified, destabilized or unfolded forms of p53DBD as would be found in the mitochondrial matrix. 
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CypD causes p53 to self-aggregate into amyloid-like fibrils in vitro
There has been extensive research into the formation of p53 amyloid-like, fibrillar selfaggregates brought on by stress or mutation [43] - [46] . It is thought that p53 residues 252-258 within the p53DBD are highly aggregation prone and a recent study has shown that targeting this region with the small residue 252-258-derived peptide ReACp53 can prevent aggregation and amyloid formation of p53 in vivo [47] , [48] . Thus, we investigated the nature of the p53DBD aggregates that were generated by CypD during our NMR experiments. It has been shown that thermal denaturation of p53DBD causes non-specific granular aggregation of p53DBD. In contrast, mild denaturation, such as the use of pressure, causes the formation of amyloid-like fibrils [43] . We generated p53DBD aggregates by either incubating 50 µM CypD with 100 µM p53DBD overnight at 25 °C, or by thermally unfolding 100 µM p53DBD at 55°C for 30 minutes in the absence of CypD. Following negative staining of aggregates by 2% uranyl acetate, visualization by transmission electron microscopy (TEM) revealed that p53DBD aggregates generated in the presence of CypD readily formed numerous elongated amyloid-like fibrillar structures, as well as non-specific granular aggregates (Figure 4 a-c and Supplemental Figure 3 a-c). It is generally accepted that amyloid fibrils begin as diffuse aggregates that transform into more stable fibrillary forms with time, suggesting that the fibrils act as a slow kinetic trap [49] , [50] . In contrast, thermally denatured p53DBD aggregates formed only non-specific large granular precipitates but no fibrillar amyloid-like structures, as expected (Supplemental Figure 3d-e ).
As additional control, p53DBD that had been incubated overnight at 25 °C in the absence of CypD formed some granular aggregates albeit to a lesser degree than thermally denatured p53DBD, and, importantly, no amyloid-like fibrils were detected (Supplemental Figure 3f g). Finally, p53DBD was incubated overnight at 25 °C with the catalytically dead CypD mutants F60A and W121A. Again, the degree of precipitation was much less than when p53DBD was incubated with WT CypD and importantly, no amyloid-like fibrils were observed (Supplemental Figure 3h-k) . These results support a model where CypD acts as an enzyme and its activity toward its substrate, p53, leads to the formation of p53 amyloid-like fibrils.
Inhibition of Trap1 sensitizes MEFs to mPT and mPTP pore opening in a p53-dependent and CypD-dependent manner
It has been shown that aggregation of p53 upregulates the expression of heat-shock proteins including HSP70 [51] , [52] and HSP90 [36] , [48] , [52] , [53] . Inhibition of HSP70 using the small inhibitor pifithrin-µ prevents translocation of p53 into the mitochondria[54]- [56] . We and others have previously shown that hypoxic and other stress-induced mitochondrial p53 physically associates with the mitochondrial matrix-located protein import and folding chaperones mtHSP60 [7] , [28] , [35] , [57] and mtHSP70 [7] , [57] - [59] (also known as GRP75, UniProt: P38646). Furthermore, we and others have shown that in order to prevent aggregation, mutant p53 in cancer cells forms a stable interaction with the cytosolic HSP90 chaperone [60] and that the HSP90 inhibitor 17-AAG disrupts this complex [36] , [59] , [61] - [65] . Strikingly, the inhibitor gamitrinib, a specific mitochondria-targeted 17-AAG analogue, inhibits a mitochondrial HSP90 homologue, Trap1, as well as the mitochondrial pool of HSP90. This leads to sensitization of cells to mPTP opening in a CypD dependent manner [29] , [66] , [67] . Conversely, overexpression of Trap1 protects cardiomyocytes and rat brains from I/R injury and mPT [31] , [32] , [68] . Importantly, it has been demonstrated that CypD co-immunoprecipitates with both HSP90 and Trap1 [29] as well as HSP60 [28] .
In order to understand the role of p53 in the context of Trap1-mediated protection from mPT, we performed calcein release assays in WT, p53 −/− and CypD −/− MEFs using FACS. In this assay, healthy, mitochondria retain green fluorescence from calcein dye in the presence of the quencher CoCl 2 which can only enter the mitochondria and quench calcein fluorescence upon opening of the mitochondrial permeability transition pore. Experiments were performed in the presence or absence of H 2 O 2 stress, with and without the selective Trap1 inhibitor Gamitrinib and in the presence or absence of the CypD inhibitor CsA ( Figure 5 ). Inhibition of Trap1 in unstressed WT MEFs caused marked mPTP opening, and further addition of H 2 O 2 stress caused WT MEFs to undergo complete mPT opening. As expected, no mPT could be detected in WT MEFs in the presence of the CypD inhibitor CsA or in CypD −/− MEFs under any condition (except for the positive control with the calcium ionophore ionomycin), confirming the role of CypD as an indispensable component of mPT and the mPTP. Importantly, however, inhibition of Trap1 only minimally sensitized p53 −/− MEFs to mPTP, and addition of H 2 O 2 stress failed to yield further sensitization. These results indicate that p53 plays a major role in triggering mPT opening. Moreover, p53 acts through a novel mechanism involving Trap1, a member of the mitochondrial unfolded protein response (mtUPR) pathway.
Discussion
There is a great interest in uncovering the full structural and functional details of the mitochondrial permeability transition pore, and particularly the regulation of this process. Modulation of the mPTP has been implicated as a therapeutic target for multiple diseases including ischemia-reperfusion injury [3] , [7] , Alzheimer dementia [6] and cancer [66] . Here we investigated the role of p53 in mPT, which in this context acts as an oxidative stress signaling molecule locally in the mitochondrial matrix. Our results provide new details of the potential mechanism how p53 regulates mPTP opening. We previously showed that in response to oxidative stress and in I/R brain injury (stroke), accumulation of p53 in the mitochondrial matrix causes activation of CypD, triggering the opening of the mPTP and necrotic death [4] . This novel effector pathway of necrotic rather than apoptotic death via the mitochondrial p53-mPTP axis, mediated by CypD interaction, was subsequently confirmed in the context of oxidative damage-, dexamethasone-, cisplatin-and doxorubicin-induced necrotic death in cancer cells, osteoblasts and neurons [5] [6] [7] [8] [9] . Proteins translocated across the outer and inner mitochondrial membranes need to be refolded when they arrive in the matrix, a process requiring one or more molecular chaperones [69] . Upon translocation, mitochondrial matrix p53 is stabilized by a variety of molecular chaperones including HSP60, HSP70 and HSP90 under stress and non-stress conditions [59] , [62] , [70] . Notably, in unstressed healthy cells CypD can also interact with the matrix chaperones HSP60, HSP90 and Trap1 [5] , [29] , [70] , [71] . Moreover, CypD can assemble into a higher-order complex consisting of CypD, HSP60, and either HSP90 or Trap1 [28] , [29] .
Our in vitro experiments reveal that a dynamic interaction occurs between CypD and the DNA binding domain of p53. Multiple complementary biochemical assays including NMR, TEM, absorbance-based aggregation assay and pulldowns highlight the key involvement of CypD enzymatic activity in CypD's interaction with p53. More importantly, we show that WT p53 interaction with CypD causes robust aggregation of WT p53 derived from various sources, including recombinant baculoviral human p53DBD, endogenous full-length human p53 from H 2 O 2 -stressed and unstressed HCT116 colon cancer cells and purified human full-length p53. These results suggest that CypD isomerizes the imported unfolded p53, which leads to its irreversible aggregation in the matrix. The fact that CypD retains its ability to interact with structurally destabilized mutant p53 proteins supports the hypothesis that CypD interacts with unfolded WT p53 entering the mitochondrial matrix upon stress. Intriguingly, we find that the insoluble p53 aggregates formed by interaction with CypD are not amorphic but tend to be long, amyloid-like fibrillary structures. It should be noted that the absorbance, NMR and TEM assays are all conducted in the absence of beads and p53 aggregation is still observed in a CypD-dependent manner. This implies that, CypD activity is in fact responsible for aggregating p53 and not causing p53 to non-specifically bind pulldown beads. Importantly, this indicates that CypD and p53 engage in a transient and dynamic enzyme-substrate interaction.
The physiological significance of stress-induced p53 aggregation in the mitochondrial matrix is not yet clear. However, there is growing literature about the role of the mitochondrial unfolded protein response [27] , [33] , [72] . It has been shown that the refolding of p53DBD is slow [42] , [73] which makes it vulnerable to aggregation, off-target interactions and processes [52] including proline cis-trans isomerization. mtUPR could play an important role in stabilizing the influx of the unfolded p53, since p53 will require refolding upon entry into the matrix. We had shown previously that CypD and p53 from cellular extracts interact with each other in immunoprecipitations [7] , but it was not clear whether this is a direct interaction or whether this interaction between p53 and CypD is mediated by a bridging factor. Here, based on our biochemical and cellular data we propose a model where p53 translocates into the mitochondrial matrix upon cellular stress. This influx of unfolded p53 overloads the Trap1/HSP60/HSP90 chaperone proteins. These chaperone complexes are present in the mitochondrial matrix of unstressed cells and keep CypD inactive with respect to mPT [29] , [35] , [66] , [67] . According to this model, transient binding of unfolded p53 to Trap1/HSP60/HSP90 induces dissociation and release of CypD from the chaperones. We expect that the affinity of CypD for chaperones is modest since CypD does not have any specific domains for interaction with chaperones. The ensuing CypD liberation activates its enzymatic isomerase activity. Active CypD then acts on structural mPTP proteins as isomerization substrates, thereby inducing opening of the mPT pores. Importantly, active CypD also isomerizes p53 (and possibly other proteins), thereby causing p53 aggregation ( Figure 6 ). The driving force for a change in the prolyl cis/trans isomerization of p53 could be that the aggregates and fibrils are enriched with cis-prolyl p53. Preferential aggregation of a cis-prolyl p53 would remove cis-prolyl p53 from the equilibrium of soluble p53 and drive the isomerization [74] . For example, Soragni and coworkers showed recently that p53DBD which contains 13 prolines comprises multiple highly aggregation prone peptides [47] . Moreover, it is possible that aggregated p53 further sequesters Trap1/HSP60/HSP90, in turn leading to the activation of additional CypD. This would generate a positive feed-forward loop for CypD activation and the cell could undergo prolonged mPT, thereby reaching the 'point-of-no-return' towards necrotic death. Our FACS data support this model where the inhibition of Trap1 sensitizes p53-proficient WT MEFs to mPT and pore opening in a p53-and CypD-dependent manner. This implies that p53 serves as a major mitochondrial stress signal transducer that requires Trap1 to impinge on, thereby activating CypD. Our cell data suggest that p53 is necessary to mediate the bulk of mPTP opening. However, other proteins could also translocate into the matrix upon oxidative stress and displace CypD from Trap1, since our FACS data show that Gamitrinib-treated p53 −/− MEFs are still partially sensitized to opening of the mPTP. This working model can now be tested in the future.
Necrosis has long been considered a completely unregulated form of cell death. However, there is a growing body of evidence implicating a variety of regulated necrosis pathways. These pathways have taken on different names including the necrosome signaling complex, ferroptosis, oxytosis, NETosis, ETosis, parthanatos, pyroptosis, pyronecrosis and finally CypD-mediated necrosis [75] , [76] . Globally, these various regulated necrosis pathways fall under the newly-coined term necroptosis. Our work supports the notion of a regulated necrosis in the condition of oxidative stress, and implicates p53 as an important signaling molecule within the CypD-mediated necrotic pathway. This work motivates additional research into modulation of p53-mediated necrosis as an inhibitory or activating target for the treatment of various diseases.
Materials and Methods
Purified WT full-length human p53 was purchased from OriGene (Cat # TP300003). The protein was expressed in HEK293 cells as a C-terminal MYC/DDK fusion protein and affinity purified. Protein purity is > 80% as determined by SDS-PAGE and Coomassie staining.
Expression and purification of recombinant human CypD and p53DBD
N-terminally His6 tagged human CypD (residues 45-206 of uniprot ID P30405) was expressed in E.coli BL21 DE3 cells, lysed by sonication and purified by FPLC (GE AKTA purifier) using an ion exchange column (GE HiTrapS) followed by a Ni-NTA affinity purification (GE HisTrap). 6xHIS tag was cleaved using tobacco etch virus (TEV) protease during overnight dialysis into 20 mM KHPO 4 pH 7.7, 1 mM DTT for gel-filtration (GE HiLoad 16/60 Superdex 200) by FPLC.
WT GST-CypD and the GST-CypD mutants R55A, F60A, F113A, and W121A were cloned into expression vector 2GT (Addgene, Plasmid #29707), transformed into BL21DE3 cells and lysed using a high-pressure homogenizer (Avestin Emulsiflex C3). Proteins were purified by FPLC using a Ni-column (GE HisTrap) followed by an ion exchange column (GE HiTrapS). 6xHIS was cleaved using TEV during overnight dialysis into 20 mM TRIS pH 8.0, 50 mM NaCl, 1 mM DTT, 5% glycerol followed by gel filtration (GE HiLoad 16/60 Superdex 200) by FPLC. N-terminally tagged 6xHIS-p53DBD (residues 94-312) was expressed using the Bac-to-Bac Baculovirus Expression System (LifeTechnologies) and vector pFastBac HTb and purified with standard protocol. In brief, cells were lysed (50 mM Tris-HCl pH 8.5, 500 mM NaCl, 20 mM Imidazole, 5 mM 2-mercaptoethanol, 10% glycerol) and p53 was purified from cleared lysates by batch Ni-NTA purification. Protein 6xHIS tag was cleaved using TEV during overnight dialysis into 50 mM NaH 2 PO 4 pH 7.4, 5 mM DTT. Protein purity is > 90% as determined by SDS-PAGE and Coomassie staining.
Tissue Culture and Lysate Generation
Mouse embryonic fibroblasts (MEFs) and human HCT116 cells were grown in DMEM +10%FBS. WT and p53 −/− MEF cell lines were established from E13.5 embryos [7] and CypD −/− MEFs were purchased from ArtisOptimus [7] . HCT116 WT and isogenic HCT116 p53 −/− cells were provided by Dr. Bert Vogelstein, Howard Hughes Medical Institute, Baltimore, MD. Lysates were generated by scraping cells into PBS with 1%TritonX100 and complete EDTA-free protease inhibitors (Sigma), lysed by 3x freeze-thaw and cleared of cell debris by centrifugation at 4000 g for 5 min. Cyclosporine A was purchased from Sigma (Cat #30024). Calcein and Ionomycin were purchased from LifeTechnologies (Cat #C3100MP and #I24222). Gamitrinib was kindly provided by Dr. Dario Altieri, Wistar Institute, Philadelphia, PA.
Pulldown Assay
GST pulldown experiments were conducted in PBS/1%TritonX100. GST, GST-CypD or GST-CypD mutants were bound to glutathione beads for 1 hr at 4 °C (ThermoScientific, Cat #15160), then blocked in PBS/1%TritonX100/1%BSA for 1 hr at 4 °C. Blocked beads were incubated with lysates for 16 hours at 4 °C in the presence of CsA where indicated. Beads were pelleted, thoroughly washed in PBS/1%TritonX100 and analyzed by immunoblot. For co-aggregation assays, the same pulldown conditions were used plus an additional condition containing bead-bound GST in the presence of soluble CypD (no GST tag).
taken ("mixed fraction"). The remainder of the sample was centrifuged at 14,000 g for 1 min, then a 50 µl aliquot from the upper soluble fraction was taken ("soluble supernatant").
The remaining supernatant was transferred to another tube and the aggregate was resuspended in 500 µl of fresh buffer and a 50 µl aliquot was taken ("aggregated pellet"). 10 µl of each sample were analyzed on a 15% SDS-PAGE gel at 200V for 1 hr followed by Coomassie staining.
CypD Activity Assay
Prolyl cis/trans isomerization of the fluorescent aminobenzoyl-Ala-Phe-Pro-Phe-4nitroanilide (Abz-AFPF-pNA) peptide was monitored by changes in fluorescence emission at 416 nm upon excitation at 316 nm (FM4 Horriba-Jobin Yvon) in 50 mM NaH 2 PO 4 + 5 mM DTT at 15 °C. Abz-AFPF-pNA maintains the fluorescence-quenched cis conformation in anhydrous trifuoroethanol (TFE) + 50 mM LiCl, but adopts the fluorescent trans conformation in aqueous buffer 50 mM NaH 2 PO 4 + 5 mM DTT. CypD (0-15 nM) was preequilibrated and the isomerization reaction was started by addition 3 nM Abz-AFPF-pNA. The reaction was monitored for 400 sec and data points were recorded every second with an integration time of one second.
Urea Denaturation of p53DBD
Denaturation of SF9 p53DBD was monitored by changes in protein fluorescence using a Jobin Yvon Fluoromax-4 (Horiba) spectrofluorimeter exciting at 280 nm (bandpass 2.5 nm) and scanning emission 300-400 nm (bandpass 7 nm), integration time 0.1 sec. 15 µl of p53DBD was added to a final concentration of 2 µM in 900 µl of buffer containing 50 mM NaH 2 PO 4 + 5 mM DTT and increasing amounts of urea from 0-8 M in 48 increments of 166.7 mM. The sample was incubated for 30 minutes at 25 °C before the fluorescence was recorded.
Aggregation Assay
Aggregation of p53 was monitored by changes in absorbance at 350 nm using a SpectraMax 340 PC Absorbance microplate reader (Molecular Devices) using a low-volume 96-well ELISA plate (Greiner). The experiment was monitored over the course of 4 hours at 25 °C, shaking the plate for 15 seconds before each measurement recorded every 30 seconds. Final protein concentrations were 25 µM CypD in the presence or absence of 50 µM SF9 p53DBD with or without 50 µM CsA. The experiment was carried out in a final volume of 100 µl of NMR buffer: 20 mM Tris pH 8, 0.25 M KCl, 5 mM β-ME, 0.1 M Imidazole, 5% glycerol, 1% Triton X-100.
TEM
Transmission electron microscopy images of p53DBD aggregates were obtained by letting aggregates of the different conditions settle on a copper grid for 30 seconds, wicking away remaining buffer followed by negative staining with 2% uranyl acetate. Images were taken on a Tecnai BioTwinG2 microscope (FEI)
Calcein Retention Assay
Mitochondrial permeability transition pore opening was assed using the calcein assay with CoCl 2 quenching (LifeTechnologies) where loss of calcein fluorescence directly indicates opening of the mPTP. Where specified, MEFs were pre-treated with 0.4 mM H 2 O 2 for 8 hr in the absence or presence of 2 µM CsA as previously described [7] and the absence or presence of 10 µM Gamitrinib. The cells were labeled with calcein for 30 min at 37 °C in Hanks' balanced salt solution with 10 mM Hepes pH 7.4 and 0.1 µM calcein as described [79] . Fluorescence was detected by an EMD Millipore Amnis FlowSight Imaging Flow Cytometer using the manufacturer's instructions and the supplied IDEAS analysis software. The fluorescent signal was normalized to CoCl 2 bleached, unstressed untreated cells as maximum signal. 
Author Manuscript
Author Manuscript CypD is soluble (between dashed lines) or GST-CypD is immobilized on glutathione beads, commercially purified WT-full-length-p53 or recombinant SF9 p53DBD will co precipitate with the glutathione beads only in the presence of CypD. b) Co-precipitation of endogenous p53 from H 2 O 2 stressed and unstressed HCT116 cells by GST-CypD and soluble CypD in the presence of GST but not GST alone. Whether CypD is soluble or GST-CypD is immobilized on glutathione beads, endogenous WT-p53 from H 2 O 2 -stressed or unstressed HCT116 cells will co-precipitates with glutathione beads in the presence of CypD. c) Pulldown of common cancer-associated p53DBD missense mutant proteins. Mutant proteins R175H, R248Q, R249S and R273H are structurally destabilized [42] ( Supplementary Table  1 ), yet can be readily precipitated by CypD, indicating that proper folding of p53 is not required for interaction with CypD. 
